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FIGURE 8 


8.008 4 


` পণ 
Purchased Мапорепа 


" 


же * 


т ° * 7 ""Barchásed SIOZINZOS 


EYA аи а, mgl 


x 
м < FI 00 0000 00 РРА м мо Ot 


RET Material Interface Nanoceria 


Time, Hours 


U.S. Patent Oct. 29, 2013 Sheet 9 of 27 US 8,568,538 B2 


FIGURE 9 


SON? ~ 


ORE - 


BORS de 


fO - 
GO S IES к а у wet " i 
„ #®К32/АПНОЗ шее Material interface narcosis 


BARS 


Rass রিকি, k 


82. 


БЫ উজ ЙА ЖУА 


4H 


Time, Hours 


U.S. Patent 


toes 288, aging 


8. 


Зы. 


ВАНН 


905 - 


Oct. 29, 2013 Sheet 10 of 27 


US 8,568,538 B2 


FIGURE 10 


Руна 


গর sed AOE 


30 3150 zon En SO 380 
Tue Hours 


U.S. Patent Oct. 29, 2013 Sheet 11 of 27 US 8,568,538 B2 


FIGURE 11 
0.005 
Uncoated " * 
0.004 4 SÉ 
| Е 
~ 0.004 я | 
t | Purchased 5102/АІ203 
2 0003 | J Зи Berti acd Сена 
$ টি 
5 0.003 —4 msc аас 
8 | rod Lor _— ... 8 
0.002 PI = == | 
Я | p “= Material Interface nanoceria 
= "i «= e ЧЇ d 
0.002 | = 
і и 
0.001 کے‎ B " " 
же 
0.001 4৮৮ 
{н 
0.000 E зылык ыыы amam a রী Da 
0 50 100 150 200 250 300 350 


U.S. Patent Oct. 29, 2013 Sheet 12 of 27 US 8,568,538 B2 


FIGURE 12 


321 Sess Stes 


6008 - 


আর 
% 202 
$ Ns 202 x 


Ба 


ELECT 


| i598 ЖО? р 
; 0003 - MC сыы 


Mass gan "me 


ea 


১202 4 
5.001 


i86 OB 2580 3060 385 
Time, Hours 


U.S. Patent Oct. 29, 2013 Sheet 13 of 27 US 8,568,538 B2 


FIGURE 13 


D EE——————————Ó—— 


ј 258 


স্কট HEL 
LI үл 
LR. 
P055 2002 
৮: 


«die 1%, 202 


Mass пане коих 


শি 


US 8,568,538 B2 


Sheet 14 of 27 


Oct. 29, 2013 


U.S. Patent 


URE 1 


ч 
£ 


ЕКС 


U.S. Patent Oct. 29, 2013 Sheet 15 of 27 US 8,568,538 B2 


FIGURE 15 


HG 


১১১১১১১১১১১ 


০০ 


কান 


Pasa gy 


Q2 
„Реван dus Ged 


s 
E 
Е 
a 


ја 


2 ‚Ж 
HH OU পল 
AAA T Š 


2 E & € кю $20 а 


Bs Нин a^^ 


#004 


7 


ই GEE НЕЕ 


————————— 
E 58 zH uiv iu 4 Aum 
БЫ E a f E MY S ian 


U.S. Patent Oct. 29, 2013 Sheet 16 of 27 US 8,568,538 B2 


FIGURE 16 


юа 


$ 

$ 

{ ALL SOLIS LINES j 

$ toe 48 саће 
i | 
| |uncoabed 


ЗА ава В Bed авиони LIE ররর i 
i DEM ; 


x i 
LG MM d RR T" —————Ó i 
& f Ў 1 


COATED ALLOYS 


8 20 E #@ se +# qu 148 


U.S. Patent Oct. 29, 2013 Sheet 17 of 27 US 8,568,538 B2 


US 8,568,538 B2 


Sheet 18 of 27 


Oct. 29, 2013 


U.S. Patent 


81 ЈЕ! 


US 8,568,538 B2 


Sheet 19 of 27 


Oct. 29, 2013 


U.S. Patent 


US 8,568,538 B2 


Sheet 20 of 27 


Oct. 29, 2013 


U.S. Patent 


Uc du 


Г 


£ 


how 


LE 


US 8,568,538 B2 


Sheet 21 of 27 


Oct. 29, 2013 


U.S. Patent 


te 


ADIs 


y 


U.S. Patent Oct. 29, 2013 Sheet 22 of 27 US 8,568,538 B2 


FIGURE 22 


Ван 


RTE 
resed М > 


2208 


Nanosilica 


০১ 


дане. 


Mass байн, че 


8 -— 


9 E 38 gü ad ню 420 


US 8,568,538 B2 


Sheet 23 of 27 


Oct. 29, 2013 


U.S. Patent 


£c HAMA 


US 8,568,538 B2 


Sheet 24 of 27 


Oct. 29, 2013 


U.S. Patent 


be HNO 


U.S. Patent Oct. 29, 2013 Sheet 25 of 27 US 8,568,538 B2 


FIGURE 25 


U.S. Patent Oct. 29, 2013 Sheet 26 of 27 US 8,568,538 B2 


“IGURE 26 


U.S. Patent Oct. 29, 2013 Sheet 27 of 27 US 8,568,538 B2 


pe 
€ 


H 


FIGURE 


US 8,568,538 B2 


1 
NANOPARTICLE SURFACE TREATMENT 


The present application is a continuation of allowed U.S. 
patent application Ser. No. 11/452,779, filed Jun. 14, 2006, 
which claims priority to Provisional Application Ser. No. 
60/690,311, filed Jun. 14, 2005, each of which is incorporated 
herein by reference. 


FIELD OF THE INVENTION 


The present invention relates to methods and compositions 
for forming a protective coating on alloys, reducing oxide 
scale spallation and corrosion of metals. In particular, the 
present invention relates to nanoparticle surface treatments 
and methods of using the surface treatments to form a self- 
protective oxide on alloys, thereby reducing corrosion and 
damaging oxidation of stainless steel and other metal and 
alloy components. 


BACKGROUND OF THE INVENTION 


Improving the longevity of metals such as stainless steel at 
elevated temperatures is of critical importance. The service 
life of many alloys, including stainless steel, can be limited by 
the growth of damaging oxide scale that exfoliates (spalls) 
during operation and ultimately that contributes to compo- 
nent failure. Corrosion conditions at elevated temperatures 
exacerbate the material loss. The corrosion and damaging 
oxidation of steel and other alloys presents problems in 
numerous applications. For example, in power generation 
applications, typical examples of problems associated with 
such damaging oxidation include: (1) accelerated high-tem- 
perature fire-side corrosion associated with the presence of 
molten alkali-containing salts; (2) accelerated medium-tem- 
perature fire-side corrosion associated with the presence of a 
low oxygen activity environment and sulfur; and (3) steam- 
side oxidation of tubing, piping and valves in fossil fuel-fired 
boilers. There is an emerging pressure to increase the effi- 
ciency of fossil fuel power plants while at the same time meet 
stringent environmental regulations and ensure plant reliabil- 
ity, availability and maintainability, all at low cost. (Stott, 
Mater. Sci. Tech. 5:734 [1989]). 

Steam temperature is one of the key factors that controls 
plant efficiency and the emission gas. Increasing the steam 
operating temperature and pressure will increase the plant 
efficiency while reducing emission gasses (Viswanathan, J. 
Mater. Eng. Performance 10:81 [2001 ]). The former provides 
the financial advantage by reducing the operating cost with 
increased power production, and the latter makes the process 
more eco-friendly by decreasing the emission of hazardous 
gases such as SO», CO», and МО... For example, using 538? 
С./18 MPa (steam temperature/pressure) steam plant condi- 
tion as a base, an efficiency increase of nearly 6% can be 
achieved by changing the steam condition to about 593? С./30 
MPa. At 650? C. this would be as much as 8%. Ecologically, 
an increase in 1% efficiency of an 800 MW plant would lead 
to the lifetime reduction in CO, approaching 1 million tons 
(Viswanathan, 2001, supra). Clearly, there is a need for 
improved corrosion and oxidation resistance of steel and 
other alloys in the power generation industry. The benefits of 
improved resistance of steel and other alloys to corrosion and 
damaging oxidation are not limited to the power generation 
industry. The benefits of improvements in operation effi- 
ciency and increased component service life apply across 
countless applications and industries in which such steel and 
alloy components are used. 
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The alloys used in high temperature systems must possess 
good mechanical properties along with resistance to corro- 
sion and damaging oxidation. However, it is not easy for a 
single alloy to have all these properties and to still provide 
ease of manufacturing. Alloys are often treated, e.g., by 
vacuum heating, to produce a thin, protective oxide layer on 
the surface ofthe metal. Although iron, nickel and cobalt-base 
alloys have been considered for high temperature applica- 
tions, metal oxides of these elements are not protective 
enough when the working temperature exceeds 550? C. The 
addition of other elements such as chromium, aluminum and 
silicon has improved their corrosion resistance because ofthe 
establishment of more protective oxide layers (Cr,O3, Al,O, 
and S1O,). These oxide layers not only offer a better protec- 
tion because of low growth rate, they also are effective barri- 
ers against ion migration (Atkinson & Gardner, Corros. Sci 
21:49 [1981]). However, the threshold amounts of these ele- 
ments required for the alloy to form a continuous protective 
oxide layer depends upon the alloying elements and applica- 
tion, and these additions to alloys can have a deleterious effect 
on the mechanical properties of the alloy. Although chro- 
mium has a lesser effect on mechanical properties than alu- 
minum and silicon, iron alloys require approximately 1296 
chromium to form a continuous chromium oxide film in air 
and to therefore protect against damaging oxidation (Stott 
1989, supra). However, in steam environment the amount of 
Cr required is around 2596 to form a complete protective 
chromium oxide layer (Otsuka, Sumitomo Met. 44:30 
[1992]). 

There remains a need for surface treatments to and methods 
of providing such treatments to improve the performance and 
service life of steel and other alloys used in oxidating and 
corrosive environments. 


SUMMARY OF THE INVENTION 


The present invention relates to methods and compositions 
for reducing damaging oxidation and/or corrosion of metals. 
In particular, the present invention relates to surface treat- 
ments and methods of using the treatments such that treated 
substrates (e.g., stainless steel and other alloy components) 
develop self-protective oxide coatings and thereby have 
greater resistance to damaging oxidation and corrosion under 
extreme conditions, such as elevated temperatures. 

The present invention provides methods and compositions 
for the treatment of metal surfaces, e.g., stainless steel sur- 
faces, to improve resistance to damaging oxidation and cor- 
rosion. In some embodiments, the present invention provides 
nanoparticle surface treatments to provide substrates (e.g., 
metals) with improved resistance to damaging oxidation at 
high temperature and in steam environments. The protected 
metals of the present invention find use in a variety of indus- 
trial and commercial applications. The present invention fur- 
ther provides systems and devices incorporating protected 
metal and methods of using the systems and devices. 

Accordingly, in some embodiments, the present invention 
comprises a composition comprising a metal treated with a 
nanoparticle surface treatment, wherein said composition 
comprises a self-protective oxide coating. In some embodi- 
ments, the present invention provides a composition compris- 
ing a metal treated with a nanoparticle surface treatment, 
wherein the composition exhibits reduced damaging oxida- 
tion relative to untreated metal. In some embodiments, the 
nanoparticle surface treatment comprises nanoceria. In other 
embodiments, the nanoparticle surface treatment comprises 
an oxide of an element including, but not limited to, alumi- 
num, silicon, scandium, titanium, yttrium, zirconium, nio- 
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bium, lanthanum, hafnium, tantalum, or thorium, or other rare 
earth elements (or combinations of those elements). In certain 
embodiments, the metal is stainless steel (e.g., austenitic 
(304, 316, or 321), ferritic (e.g., 430 or 409), and martensitic 
(e.g., 410) stainless steel). In other embodiments, the metal is 
a nickel alloy (e.g., Inconel 600 or 625 or alloy 200/201). In 
still further embodiments, the metal is an aluminum alloy 
(e.g. alloy 2014). In preferred embodiments, the composition 
is resistant to spalling in oxidating conditions (e.g., high 
temperature and/or steam conditions, for example, in a steam 
generating power plant). In some embodiments, the metal is 
resistant to corrosion in corrosive conditions (e.g., salt and 
acid environments). The present invention is not limited to 
particular compositions having reduced susceptibility to 
damaging oxidation and/or corrosion. Non-limiting 
examples include, but are not limited to, metals in fossil 
energy system components, heat exchangers, reheater pipes, 
solar collectors/panels, refrigeration and heating equipment, 
vacuum and gas chambers, hydrogen fuel cell components, 
flame stabilizers, surgical components, fan accessories, inlet- 
outlet transitions, heat treating furnace components, aircraft 
and other vehicle components including, but not limited to, 
cables, wires or bearing rods, and tubular elements such as 
ductwork and piping. 

The present invention further provides a method of protect- 
ing metal from damaging oxidation, comprising providing 
metal treated with a nanoparticle surface treatment, and 
exposing the treated metal to conditions such that a self- 
protective oxide coating is formed on the treated metal. In 
some embodiments, the present invention comprises a 
method of reducing oxide spalling of a metal, comprising 
providing a metal coated with a nanoparticle surface treat- 
ment; and exposing the metal to oxidating conditions under 
conditions such that damaging oxidation of the metal is 
reduced relative to damaging oxidation in the absence of the 
surface treatment. In some embodiments, the nanoparticle 
surface treatment comprises nanoceria. In other embodi- 
ments, the nanoparticle surface treatment comprises an oxide 
of an element including, but not limited to, cerium, titanium, 
lanthanum, and aluminum, silicon, scandium, yttrium, zirco- 
nium, niobium, hafnium, tantalum, and thorium plus other 
rare earth elements (or combinations of these elements). In 
certain embodiments, the metal is stainless steel (e.g., auste- 
nitic (304, 316, or 321), ferritic (e.g., 430 or 409), and mar- 
tensitic (e.g., 410) stainless steel). In other embodiments, the 
metal is a nickel alloy (e.g., Inconel 600 or 625 or alloy 
200/201). In still further embodiments, the metal is an alumi- 
num alloy (e.g. alloy 2014). In some embodiments, the oxi- 
dizing conditions comprise high temperature and/or steam 
conditions (e.g., a steam generating power plant). The present 
invention in not limited to particular metals for protection 
from damaging oxidation and/or corrosion. Non-limiting 
examples include, but are not limited to, metals in fossil 
energy system components, heat exchangers, reheater pipes, 
solar collectors/panels, refrigeration and heating equipment, 
vacuum and gas chambers, hydrogen fuel cell components, 
flame stabilizers, surgical components, fan accessories, inlet- 
outlet transitions, heat treating furnace components, automo- 
tive and aircraft components including, but not limited to, 
cables, wires or bearing rods, and tubular elements such as 
ductwork and piping. 

Embodiments of the invention are described in this sum- 
mary, and in the Detailed Description ofthe Invention, below, 
which is incorporated here by reference. Although the inven- 
tion has been described in connection with specific embodi- 
ments, it should be understood that the invention as claimed 
should not be unduly limited to such specific embodiments. 
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Definitions 

As used herein, the term “self protective,” as used herein in 
reference to an oxide coating or film, e.g., on a metal surface, 
refers to an oxide film formed from the metal that acts to 
protect the metal, e.g., from damaging oxidation and/or cor- 
rosion. The composition of the oxide film depends on the 
alloy on which it forms. 

As used herein, the term “nanocrystalline” refers to a crys- 
talline coating or surface treatment with an average particle 
size smaller than 100, and preferably 20, and even more 
preferably 10 nm. 

As used herein, the terms “reduced damaging oxidation 
relative to an untreated metal” and “under conditions such 
that damaging oxidation of said metal is reduced relative to 
damaging oxidation in the absence of said surface treatment” 
refer to a metal treated with a composition of the present 
invention (e.g., a nanoparticle surface treatment) that exhibits 
reduced damaging oxidation (e.g., reduced growth of oxide 
scale, reduced spalling) at high temperatures and/or high 
moisture conditions relative to the damaging oxidation 
observed on the same metal in the absence of the surface 
treatment. 

As used herein, the term “damaging oxidation” refers to 
oxidation that is deleterious to a substrate (e.g., a metal object 
or surface). For example, growth of oxide scale to the point of 
roughening, spalling, the creation of voids susceptible to 
corrosion, or any other effect that is deleterious to the sub- 
strate (e.g., to the function, performance, material properties, 
or usable lifetime of the substrate) is damaging oxidation. 

As used herein, the terms “reduced corrosion relative to an 
untreated metal” and “under conditions such that corrosion of 
said metal is reduced relative to corrosion in the absence of 
said surface treatment” refer to a metal treated with a com- 
position of the present invention (e.g., a nanoparticle surface 
treatment) that exhibits reduced corrosion at in corrosive 
conditions (e.g., salt conditions, acid conditions) relative to 
the corrosion observed on the same metal in the absence of the 
treatment or surface treatment. 

As used herein, the term “oxidating conditions” refers to 
conditions that promote damaging oxidation of metals (e.g., 
high temperatures, steam conditions or other chemical reac- 
tions.) 

As used herein, the term “corrosive conditions” refers to 
conditions that promote damaging corrosion of metals (e.g., 
high temperatures, steam conditions, salt conditions, or other 
chemical reactions.) 

The term “nanoceria” as used herein refers to nanoparticles 
of cerium oxide. 

The term “nanoparticle” as used herein refers to particles 
having an average particle size of less than about 1 microme- 
ter. In preferred embodiments, nanoparticles have an average 
size of less than about 0.1 micrometer (100 nm) and in par- 
ticularly preferred embodiments, nanoparticles have an aver- 
age size of less than about 10 nm. 

The term “coating” as used herein refers to a layer on a 
substrate (e.g., a metal component or part). The invention is 
not limited by the mechanism of forming the coating. A 
coating may be formed by the application of a composition 
(e.g. a nanoparticle composition) to a substrate, or a coating 
may arise from a treatment of a sample, e.g., the formation of 
a self-protective oxide coating. In some embodiments an 
entire surface ofa substrate is coated, which in other embodi- 
ments, a portion of a substrate surface is coated. 

The term “surface treatment" as used herein refers to appli- 
cation of a composition to the surface of a substrate (e.g., 
application ofa composition to a metal component or part), or 
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to acomposition on the surface of a substrate (e.g., a substrate 
that has a surface treatment (e.g., a coating)). 

The terms “coated” and “treated,” as used herein in refer- 
ence to surface treatments are used interchangeably. 


DESCRIPTION OF THE DRAWINGS 


FIG. 1A shows 316 stainless steel; heated in air to 1000? C. 
for 34 hours. FIG. 1B shows 316 stainless steel coated with 
nanoceria surface treatment, and heated in air to 1000? C. for 
34 hours. 

FIG. 2 compares mass gains of nanoceria-coated 430 to 
uncoated 321 and 453 alloys. FIG. 2A shows a comparison of 
low mass gain of nanoceria-coated 430 stainless compared to 
mass gain of uncoated 321 and AL453 stainless steels manu- 
factured specifically for resistance to damaging oxidation, 
with the lower mass gain indicative of reduced oxidation. 
FIG. 2B shows intact protective oxide coating on the 430 
stainless after heating to 800? C. in air for 216 hours. 

FIG. 3 shows an untreated (“uncoated”) 410 stainless steel 
turbine blade, heat-treated to 1000? C., 1 hour, in air. The end 
portion, as indicated, was treated (“coated”). Thin oxide 
formed in the coated zone; spalling oxide formed in uncoated 
zone. 

FIG. 4 shows data for 430 stainless exposed to dry air at 
800? C. 

FIG. 5 depicts a comparison of predictive oxidation mass 
gain per area (95% confidential interval) of alloy 430 exposed 
to 800? C. with experimental data, both uncoated and coated 
with nanoceria. 

FIG. 6 shows effects of self-protective oxide formed on 
stainless steel bolts after heating; coated specimens are com- 
pared to uncoated specimens. 

FIG. 7 shows mass gain as a function of area for 3041, 
stainless steel. 

FIG. 8 shows mass gain as a function of area for 316 
stainless steel. 

FIG. 9 shows mass gain as a function of area for 321 
stainless steel. 

FIG. 10 plots mass gain as a function of area for the 410 
stainless steel samples. 

FIG. 11 shows mass gain as a function of area for 430 
stainless steel. 

FIG. 12 shows the effect of nano zirconia concentration on 
protection from damaging oxidation of 321. 

FIG. 13 shows the effect of nano zirconia concentration on 
protection from damaging oxidation of 410. 

FIG. 14 shows an AFM image of nanoceria on a polished 
316 stainless substrate. A broad dispersion of fine nanopar- 
ticles is noted. 

FIG. 15 shows resistance to damaging oxidation as a func- 
tionofpassivation and surface treatments at 800? C. FIG. 15A 
shows such resistance to damaging oxidation on 304 stainless 
steel, while 14B shows resistance on 410 stainless steel. 

FIG. 16 shows a comparison ofthe resistance to damaging 
oxidation of coated stainless steels to stainless steels designed 
for high temperature applications. 

FIGS. 17А and 17B show surface views of uncoated and 
nanoceria coated 410 stainless, respectively, heated at 800? C. 
for 100 hours. The bar mark-10 um. 

FIG. 18A shows a cross-section of the sample shown in 
FIG. 17А; sand 188 shows a cross-section view of the sample 
shown in FIG. 17B. The bar mark-1 um. In A, the oxide layer 
is a few micrometers thick. In B, the oxide is very thin. The 
crystals shown in 17B are visible in cross section. The oxide 
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in В 15 self-protective in many environments; the oxide in A is 
not self-protective when exposed to high temperature and/or 
corrosive environments. 

FIG. 19 shows a cross-section view of uncoated 410 stain- 
less treated at 800? C. for 100 hours. Bar-10 um. This view 
shows spalling oxide. 

FIGS. 20A and 20B show surface views of uncoated and 
nanoceria coated 304L stainless, respectively, heated at 800? 
C. for 100 hours. The bar mark=10 um. The oxide in B is 
self-protective in many environments; the oxide in À is not 
self-protective when exposed to high temperature and/or cor- 
rosive environments. 

FIGS. 21A and 21B show surface views of uncoated and 
nanoceria coated 430 stainless, respectively, heated at 800? C. 
for 100 hours. The bar mark=10 um. The oxide in B is self- 
protective in many environments; the oxide in A is not self- 
protective when exposed to high temperature and/or corrosive 
environments. 

FIG. 22 shows a plot of mass gain over time of Nickel 600 
alloy exposed to 800? C., both uncoated and coated with the 
indicated nanoparticles. 

FIGS. 23A and 23B show surface views of micrographs of 
Nickel 600 alloy exposed to 800? C., both uncoated (A) and 
coated with nanoceria (B). Some of the parallel surface struc- 
ture in (B) is due to the polishing lines on the sample. These 
are obliterated and totally covered with a heavy oxide on the 
uncoated sample (A). The oxide in B is self-protective in 
many environments; the oxide in A is not self-protective when 
exposed to high temperature and/or corrosive environments. 

FIGS. 24A-C show surface views of micrographs of Nickel 
600 alloy showing the effect of a nanoparticle surface treat- 
ment on the nucleation and growth of thermal oxides. FIG. 
24А: nanocrystalline coated Ni 600 alloy was heated in air to 
1000? C. for over 500 hours. The oxide is dense, thin, and 
adherent (original 100x). FIG. 24B: untreated Ni 600 alloy 
was heated in air to 1000? C. for over 500 hours. Oxide scale 
is blistered, flaked, and porous and has multiple protrusions. 
FIG. 24C shows microvoids under blistered oxide of 
uncoated Ni 600 alloy, which are ideal sites for corrosion 
(original 1000x). Such corrosion nucleation sites are absent 
in the nanocrystalline-surface treated material. 

FIGS. 25A and 25B show cross-sectional views of micro- 
graphs of untreated (panel A) and treated (panel B) aluminum 
alloy surfaces exposed to hot, acidic conditions. 

FIGS. 26A and 26B show cross sectional views of micro- 
graphs of uncoated and nanoceria-coated 316 stainless, 
respectively, heated at 1000? C. for 34 hours. The bar 
mark-10 um. 

FIGS. 27A and 27B show two examples of continuous belt 
furnaces having stainless steel belts to transport samples for 
heat treating. 


DETAILED DESCRIPTION OF THE INVENTION 


The present invention relates to methods and compositions 
for the formation of self-protective surfaces on metals, 
thereby reducing the damaging oxidation and corrosion of 
metals. In particular, the present invention relates to nanopar- 
ticle surface treatments and methods of using the surface 
treatments to reduce the damaging oxidation and corrosion of 
stainless steel and other alloy components at elevated tem- 
peratures or under other damaging conditions. In some 
embodiments, the present invention relates to nanoparticle 
surface treatments and methods ofusing surface treatments to 
produce beneficial oxide layers (e.g., thin and non-spalling) 
on stainless steel and other alloy components at elevated 
temperatures. While not limited to any particular mechanism 
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or action, in some embodiments of the present invention, the 
surface treatment of the present invention participates in 
nucleation ofa thin, self-protective oxide coating on a treated 
metal substrate. 

Nanomaterial surface treatments provide a new generation 
of surface properties to both exotic and traditional alloys. 
Ceria (cerium oxide) was chosen for some embodiments of 
the present invention. The present invention is not limited to 
a particular mechanism. Indeed, an understanding of the 
mechanism is not necessary to practice the present invention. 
Nonetheless, it is contemplated that oxides of elements that 
exhibit a reactive element effect (REE), including but not 
limited to cerium, titanium, lanthanum, and aluminum, sili- 
con, scandium, yttrium, zirconium, niobium, hafnium, tanta- 
Ium, and thorium plus other rare earth elements, are suitable 
for use as surface treatment materials in the practice of the 
present invention. 

Many high temperature alloys rely on the formation of 
protective Al,O, and Cr,O, scales on their surface to resist 
damaging oxidation at high temperature (see Stringer, Sur- 
face and Coating Technology, 108-109:1 [1989], Hussey et 
al., Mater. Sci. Engg. A120:147 [1989], Bascail & Larpin, 
Solid State Ionics 92:243 [1996], Shen et al., J. Mater. Sci 
33:5815 [1998]). However, cracking and spallation of the 
oxide scale can restrict the use of such alloys at high tempera- 
tures, particularly under certain isothermal and thermal 
cycling service conditions. The cracking of the oxide scale 
and its subsequent spallation may be induced by stresses 
arising either from the oxide growth process or from the 
difference in the coefficient of thermal expansion (CTE) 
between the oxide and the alloy (see Stringer, Mater. Sci. 
Engg. A120:129 [1989]). The addition of rare earth elements 
such as Ce, Y, Zr, La or their oxides improve the high tem- 
perature resistance to damaging oxidation ofthe alumina- and 
chromia-forming alloys due to reactive element effect (REE). 
While not limiting the present invention to any particular 
mechanism of action, in some embodiments the REE 
decreases the oxide scale growth rate and improves resistance 
to scale spallation by increasing the scale-alloy adhesion. 

A significant portion of the rare earth surface treatment 
work to date is done via physical vapor deposition, chemical 
vapor deposition, and ion implantation (Chevalier, et al., 
Prace Komisji Nauk Ceramicznych, Ceramika 61:177 
[2000]; Riffard, Applied Surface Sci 199:107 [2002]; He, J. 
Rare Earths, 19:204 [2001]). Positive results have usually 
been obtained, but these processes are relatively expensive 
and often limited to line-of-sight coating on small samples. 
Sol-gel applications are also utilized for this process (Riffard 
et al., [2002], supra). 

Stringer (1998, supra) discusses performance degradation 
and/or failure of components in the electric supply industry 
and the use of coatings to remedy the problems. According to 
Stringer, damaging oxidation of components has ramifica- 
tions in at least two situations. Solid particle erosion (SPE) of 
steam turbine blades occurs in large part due to spalled oxide 
particles entrained in the steam. For SPE, the most important 
economic effect is degradation of the turbine, rather than 
outright failure. Also within the utility industry, because the 
oxide scale has lower thermal conductivity than the metal, the 
growth of the corrosion product and oxide scales will result in 
changes in the temperature distribution. For oxide scale 
growth on the inner surface of heat exchanger tubes, the effect 
is to raise the metal mean temperature for a fixed heat flux. 
This can lead to a creep failure. 

Stringer (1998, supra) discusses the use of coatings in the 
electricity supply industry, including the ability to reduce the 
loss of components (e.g., through fracture) and to minimize 
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deterioration of performance due to a decreased aerodynamic 
properties of materials (e.g., through roughening or spalling). 
A coating’s resistance to damaging oxidation at high-tem- 
perature often relies on the formation of an alumina layer on 
the surface of the alloy. Because the melting point of alumi- 
num itself is too low for many utility applications, the alumi- 
num oxide coating must be applied in other fashions. These 
methods include pack cementation processes, electroplating, 
electron beam physical vapor deposition, and plasma-spray 
methods. 

Thermal barrier coatings (TBC) are another important 
class of coatings within the electricity supply industry, gen- 
erally used in the hot sections of gas turbines. In some 
embodiments, YSZ (a TBC) is stabilized with nanoparticles 
such as nanoceria. 

Within coal-fired boiler systems, there are two particular 
issues relating to material surface integrity (Stringer, 1998, 
supra). The first relates to the transfer of oxide through the 
water-touched part of the system, causing the dissolution of 
magnetite in one area and its redeposition elsewhere. The 
second is the exfoliation (spalling) of oxide and its transport 
in the steam, causing erosion damage in the steam valves and 
in the early stage of the high pressure and intermediate pres- 
sure steam turbines. In some cases the scale may collect in the 
bottom of the superheater element, blocking the flow of 
steam, and leading to overheating and failure. 

Ferritic stainless steels are the base material of choice for 
steam power plant applications because of their overall desir- 
able mechanical properties and relatively low cost. Austentic 
stainless steels, although more corrosion resistant, have lower 
thermal conductivity, higher coefficient of thermal expan- 
sion, and a higher density, in addition to some difficulty with 
welding. Nickel-based alloys are often used as an alternative 
to austenitic stainless steel because they are less susceptible to 
thermal fatigue. 

Experiments conducted during the course of development 
of the present invention demonstrated reduction of oxide 
scale on a variety of metal alloys at temperatures up to at least 
800° C. Accordingly, in some embodiments, the present 
invention provides methods of protecting stainless steels and 
other metal alloys against damaging oxidation. 

The invention is not limited by the type of damage that is 
reduced or prevented by the surface treatment. For example, 
in some embodiments, metals are treated with the nanopar- 
ticle surface treatment to decrease material failures due to 
stress corrosion cracking 

The invention is not limited by the nature of the oxidative 
or corrosive environment in which damage is reduced or 
prevented by the surface treatment. For example, in some 
embodiments, metals are treated with the nanoparticle sur- 
face treatment and heated in a salt-containing atmosphere. 
The nanocrystalline treatment provides a self-protective sur- 
face that can withstand the fluxing of salts. In yet other 
embodiments, metals are treated to improve resistance to 
acidic environments. 

I. Protection of Metal Alloys from Damaging Oxidation 

As described above, the present invention demonstrated 
the protection of a variety of metal alloys against damaging 
oxidation and corrosion, e.g., at high temperatures and/or 
humidity, via the formation of the self-protective oxide film or 
coating, e.g., by the use of a surface treatment. The present 
invention is not limited to a particular surface treatment. 
Indeed, a variety of materials are contemplated as being use- 
ful as surface treatments. In preferred embodiments, surface 
treatment comprises a nanoparticle surface treatment. 

The present invention 1$ not limited to a particular element 
for use as a surface treatment. In some exemplary embodi- 
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ments, nanoceria (cerium oxide) is utilized. Other examples 
include, but are not limited to, titanium, lanthanum, and alu- 
minum, silicon, scandium, yttrium, zirconium, niobium, 
hafnium, tantalum, and thorium plus other rare earth elements 
(e.g., oxides of these metals). Surface treatments may be 
tested using any suitable method including, but not limited to, 
those described herein. 

The present invention is also not limited to the protection of 
a particular metal. Exemplary embodiments of the present 
invention utilized various grades of stainless steel. However, 
the methods of the present invention find use with any metal 
that is susceptible to damaging oxidation and corrosion under 
its normal conditions of use (e.g., high temperature; moisture; 
salt; acid, etc.) including, but not limited to, nickel alloys, 
aluminum alloys, and super alloys. 

The present invention is also not limited to a particular 
surface treatment technique. In some preferred embodiments, 
the simple dip method described in the Experimental section 
below is utilized. In other embodiments, additional surface 
treatment techniques including, but not limited to, spraying, 
brushing, spinning, spraying, and electrophoresis. In pre- 
ferred embodiments, surface treatment methods that reduce 
nanoparticle agglomeration are utilized. 

II. Uses of Treated Materials 

As described above, the present invention provides nano- 
particle surface treatment for use in preventing the damaging 
oxidation of metals at high temperature and/or high moisture. 
The treated materials of the present invention find use in a 
wide variety of applications. Exemplary applications are dis- 
cussed above and herein. However, one skilled in the art 
recognizes that the methods and compositions of the present 
invention find use in any application where the protection of 
metals from damaging oxidation is desired. 

A. Stainless Steel 

For example, in some embodiments, the methods and com- 
positions find use in protecting stainless steel components in 
the energy industry, including, but not limited to, fossil 
energy system components, heat exchangers, reheater pipes, 
solar collectors/panels, refrigeration and heating equipment, 
vacuum and gas chambers, hydrogen fuel cell components, 
and flame stabilizers. 

In other embodiments, the methods and compositions of 
the present invention find use in a variety of other industries 
including, but not limited to, surgical components, fan acces- 
sories, inlet-outlet transitions, automobile exhaust systems, 
aircraft cables and wires, and bearing rods. 

In still further embodiments, the methods and composi- 
tions of the present invention find use in components of coal 
fired, steam generating power plants. Driven in part by the 
U.S. DOE’s Vision 21 program, the Kyoto Accord and similar 
proposals, there is a goal to increase the efficiency of coal- 
fired power plants towards or even well over 5096. Currently, 
the net efficiency of modern coal-fired, steam-generating 
power plants in the U.S. typically is approximately 4096. 
Ferritic stainless steels are used for many of the components 
in the plants because of their desirable mechanical properties 
and relatively low cost. In order to increase the efficiency of 
the plants, however, the same ferritic steels cannot be used in 
their current state because they do not exhibit sufficient resis- 
tance to damaging oxidation at increased temperatures nec- 
essary for increased efficiency. 

The use of ferritic stainless steel at elevated temperatures is 
limited in part by the growth of a heavy oxide scale that can 
spall during operation and ultimately contribute to compo- 
nent failure. In steam environments, the reduction of the 
oxide scale growth is critical to improved efficiency. It is 
preferred to make use of ferritic steels to the maximum pos- 
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sible temperature before switching to higher-temperature 
alloys" such as nickel-based alloys. Austenitic stainless steels 
do not possess the ideal mechanical properties. 

In some preferred embodiments the surface treatments for 
use in steam generating applications have anti stick proper- 
ties. Unlike plasma spray techniques that often require sand- 
blasting to promote adhesion followed by the surface treat- 
ment process, which is inherently rough, the nanoparticle 
surface treatment process leaves a relatively smooth, as-ma- 
chined surface. The smooth nanocrystalline surface formed 
by the nanoparticle surface treatment is an aid to reduce 
sticking relative to some other processes. 

B. Heat Treating Equipment 

In other embodiments, nanoparticle surface treatments are 
used as a pre-treatment for stainless steel before heat treating. 
The traditionally used heat treating process causes the steel to 
form an oxide layer. If the level of oxidation that occurs 
during heat treating is too high (e.g., when the oxidation is 
damaging oxidation) a vacuum process, a nitrogen atmo- 
sphere, or stainless steel foil wrap is used. Each of these 
measures for reducing oxidation adds cost to the process. 
Consequently, although damaging oxidation is undesirable, it 
is tolerated because prevention may not justify the additional 
cost. The present invention provides preventative surface 
treatments to reduce the level of damaging oxidation without 
the need to use expensive measures such as vacuum heat 
treatment and/or post-treatment removal of excessive oxide 
scale. The present invention provides methods and composi- 
tions for simple dip coating treatments (e.g., with prepara- 
tions of nanoparticles) of components made of steel or other 
alloys prior to heat treating. The surface treatments of the 
present invention permit heat treating at atmospheric pressure 
without risk of damaging oxidation of the treated material. 

The ability to use the simplified processes of the present 
invention for reduction of damaging oxidation makes pos- 
sible applications that would be very difficult or impossible if 
vacuum heat treatment and/or post-treatment removal of 
oxide scale were required. In some embodiments, the present 
invention provides methods of treating and re-treating parts 
such as machine parts that are exposed to high temperatures 
while such parts are in use. For example, machine parts such 
as stainless steel belts and curtains used in continuous heat 
treating furnaces are continuously exposed to high tempera- 
tures. By way of example, but not intending to limit the 
invention to any particular application or configuration, two 
examples of continuous belt furnaces are shown in FIG. 27. 
Although the belts are sometimes replaced due to ultimate 
alloy failure because of embrittlement, grain growth, stretch- 
ing, or other reasons, in 10-25% of cases, replacement is due 
to oxidative loss of belt material. In some embodiments, 
continual re-application of nanoparticle solutions of the 
present invention as the belt traverses its path is utilized. In 
other embodiments, stainless steel curtains used to isolate the 
atmosphere during heat treating are continuously treated with 
the nanoparticle solutions ofthe present invention. Oxidation 
degradation of the curtains is severe; one surface is continu- 
ally exposed to the atmosphere while heated. It is contem- 
plated that periodic treating (e.g., spraying) of the curtain 
with nanoparticles in solution will extend their life and result 
in cost savings. 

Fossil fuel power plants also use a similar type of curtain as 
a shield. In some applications, this curtain is submersed in 
water and corrosion of the stainless steel immediately above 
the water line is a severe, expensive problem. These curtains 
are approximately 95 ftx45 ft in size and have a cost of 
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approximately $25,000. In some embodiments, nanoparticle 
surface treatments are used to reduce or prevent this type of 
corrosion. 

In other embodiments, nanoparticle surface treatments are 
used to prevent metal dusting, a failure due to carburization of 
furnace components during heat treatment operations. 

C. Compositions and Kits 

In some embodiments, the present invention provides 
nanoparticles for use by end users. For example, in some 
embodiments, nanoparticles and kits containing the nanopar- 
ticles are sold for use as a pre-treatment to reduce damaging 
oxidation of components in a furnace or other heat treatment 
equipment (see e.g., above section). In some embodiments, 
the kits comprise instructions for using the nanoparticles for 
treatment of metal components. 

D. Fuel Cells 

In yet other embodiments, the present invention provides 
methods of treating solid oxide fuel cells. Solid oxide fuel 
cells differ in many respects from other fuel cell technologies. 
First, they are composed of all-solid-state materials—the 
anode, cathode and electrolyte are all made from ceramic 
substances. Second, because of the all-ceramic make-up, the 
cells can operate at temperatures as high as 1800 degrees F. 
(1000 degrees C.), significantly hotter than any other major 
category of fuel cell. At the high operating temperatures, 
oxygen ions are formed at the “air electrode” (the cathode). 
When a fuel gas containing hydrogen is passed over the “fuel 
electrode” (the anode), the oxygen ions migrate through the 
crystal lattice to oxidize the fuel. Electrons generated at the 
anode move out through an external circuit, creating electric- 
ity. Reforming natural gas or other hydrocarbon fuels to 
extract the necessary hydrogen can be accomplished using 
either external or internal fuel reforming. 

The fuel-to-electricity efficiencies of solid oxide fuel cells 
are expected to be around 50 percent. If the hot exhaust of the 
cells is used in a hybrid combination with gas turbines, the 
electrical generating efficiency might exceed 70%. In appli- 
cations designed to capture and utilize the system’s waste 
heat, overall fuel use efficiencies could top 80-85%. 

The Department of Energy has formed the Solid State 
Energy Conversion Alliance (SECA) with a goal of produc- 
ing acore solid-state fuel cell module that would cost no more 
than $400 per kilowatt. At this price, fuel cells would compete 
with gas turbine and diesel generators and likely gain wide- 
spread market acceptance. 

While much international research is underway directed at 
fundamental stack development, significant materials chal- 
lenges exist related to structure, gas manifolds, fuel reform- 
ing and, in particular, heat transfer. 

Fuel reforming and related reactions frequently take place 
at temperatures commonly in excess of 900° C., depending on 
the specific design approach. The environment for materials 
used in these reformers can be extremely hostile from the 
perspective of damaging oxidation, and conditions often exist 
that can lead to carburization of materials, potentially result- 
ing in metal dusting. 

In another area of the SOFC system, heat exchangers are 
nearly always used to maximize system operating efficiencies 
by transferring heat from the cathode air exiting the fuel cell 
stack to the fresh air entering the system. An additional heat 
exchanger is commonly employed on the anode side of the 
system for fuel preheat, particularly in those systems relying 
on external steam methane reforming means. These heat 
exchangers are commonly referred to as the cathode and 
anode recuperators. 

In some embodiments, the present invention provides 
methods and compositions to protect materials employed in 
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these environments in order to maximize the life of the prod- 
uct, thereby reducing life cycle costs. In some embodiments, 
zirconium or cerium oxide nanoparticle surface treatments 
are utilized. 

E. Aluminum Alloys 

In yet other embodiments, the nanoparticle surface treat- 
ments of the present invention are used in the heat treatment 
of aluminum alloys. One exemplary application of aluminum 
alloys is in diesel engine components. To meet increasingly 
stringent emission requirements for diesel engines, some 
engine manufacturers are investigating the use of recircula- 
tion of some portion of exhaust gas back through the charge 
air cooler as intake air to the engine. The primary goal of this 
is to reduce NO, and SO, emissions (although SO, emission 
will also be addressed through the use of low sulfur diesel 
fuels). This will initially affect large Class 7 and 8 trucks. The 
purpose of the charge air cooler is to cool the engine intake air 
from the turbocharger (approximately 200-230° C. at the 
inlet), in order to increase the engine compression ratio and 
improve performance and mileage. There is enough moisture 
in the air that at some point in the charge air cooler that 
condensation is likely to form. 

With the advent of exhaust gas introduction into the charge 
air cooler, the condensate that will form will be acidic. Cur- 
rently, the primary material of construction for this heat 
exchanger is aluminum due to weight, cost and manufactur- 
ability. The introduction of an acidic condensate has the det- 
rimental effect of shortening the life of the aluminum charge 
air cooler through perforation attack of the tube material and 
attack of the internal fin/braze joint. The failure mode 
incurred through perforation attack is a gradual loss of engine 
performance over time. The failure mode of internal fin and 
braze joint attack is catastrophic failure of the entire charge 
air cooler due to fatigue failure (because of the internal bond 
loss). 

Accordingly, in some embodiments, the present invention 
provides methods of protecting aluminum with a self-protec- 
tive coating generated through using nanoparticle surface 
treatments. Aluminum alloys have a lower service tempera- 
ture than the steels and super alloys, but there are aluminum 
alloys with rare earth additions for the same reasons as for 
ferrous alloys—a thin, adherent, corrosion-resistant oxide 
film. Al—Co—Ce (84-7.5-8.5) is a well-known amorphous 
alloy that forms a 10-50 nm thick high performance corrosion 
barrier on its surface, due in part to the presence of Ce in the 
alloy. 

Lanthanum and cerium additions are also used very effec- 
tively in an improved zinc galvanizing product called GAL- 
FAN (developed by ILZRO/Weirton Steel). This is a zinc-5 
wt. % aluminum alloy with small rare earth additions that is 
used as a substitute for ‘straight’ zinc. It has been shown to be 
very effective in most galvanized applications with the pos- 
sible exception of heavily contaminated industrial environ- 
ments. It is in extensive use in Europe as a galvanizing treat- 
ment for sheet steel. 

Rare earth additions are also beneficial in magnesium and 
aluminum-magnesium cast alloys. Once again, the grain 
structure is refined, the negative impact of intermetallics on 
notch sensitivity, toughness and strength is offset and corro- 
sion resistance greatly improved. In some cases (e.g. 
Al,Mg;), formation of the intermetallic may be suppressed. 

Each of these elements finds used in nanoparticle surface 
treatments of the present invention, particularly as applied to 
aluminum alloys. 
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EXPERIMENTAL EXAMPLES 


The following examples serve to illustrate certain preferred 
embodiments and aspects of the present invention and are not 
to be construed as limiting the scope thereof. 


Example 1 
Methods 


This example describes methods for the generation and 

testing of coated stainless steels. 

Austenitic alloys: 304, 316, 321, Ferritic 430, Martensitic 
410, Allegheny 453 

Size for surface treatment tests: approximately Уз Inx1⁄2 шх1 
in cut from stainless steel stock. 

Vendor: Slice of Stainless, 1-800-309-5484. 

Commercially Available Nanopowders: 


Material Vendor Particle Size 

Ceria Nanophase Technologies 630-771-6700 20 nm 
Romeoville, IL 

Ceria Nanoproducts Corporation 970-535-0629 7nm 
Longmont, CO 

Titania Nanoproducts Corporation 13 nm 

La,03 Sigma Aldrich, 800-231-8327 Not yet 
Milwaukee, WI released 

Alumina Sigma Aldrich 47 nm 

Alumina Nanoproducts Corporation 4.3 nm 


The size of the nanoparticles is verified prior to surface 
treatment. Nanoceria are prepared by a microemulsion 
method as published by Seal (Patil et al., Journal of Nanopar- 
ticle Research, v. 4: 433 [2002], incorporated herein by ref- 
erence in its entirety). The microemulsion system consists of 
surfactant sodium bis(2-ethylhexyl) sulphosuccinate (AOT), 
toluene and water. AOT is dissolved in 50 ml of toluene and 
2.5 ml of 0.1 mol/lit aqueous cerium nitrate solution is added. 
The mixture is stirred for 45 min and 5 ml of 1.5 mol/lit 
ammonium hydroxide aqueous solution is then added drop- 
wise. The reaction is carried out for 1 hr. and then the reaction 
mixture is allowed to separate into two layers. The upper layer 
is toluene containing non-agglomerated ceria nanoparticles 
and the lower layer is aqueous phase. Ceria that is agglomer- 
ated to the micron-size range does not provide the initiation 
for self-protective coatings that nanoparticles provide (as 
determined by testing on 304L stainless (18-20 Cr, 8-11 Ni)- 
1000? C.). Agglomerated ceria nanoparticles settle down due 
to gravity. The toluene sol and the agglomerated ceria par- 
ticles are extracted. All the chemicals are purchased from 
Alfa-Aesar Chemical Co. 

Prepare steel specimens for surface treatment. Stainless steel 
is polished (to 1200 grit SiC), cleaned, air dried and pre- 
oxidized at 973K for 2 minutes in dry air. In some applica- 
tions, samples are not polished or oxidized. 

Methods to disperse purchased nanoparticles into suspension 
in solution. Parameters for optimization include solvent, pH 
range, acid or base addition if pH adjustment is necessary, 
level of impurities, loading of powder in the dispersion, vis- 
cosity range, thixotropic properties of solutions, stability, 
presence of rheology modifiers, and surfactants (e.g., anionic, 
cationic, or non-ionic). 

Sample surface treatment. The steel samples are coated with 
nanoparticles by dip surface treatment in their respective 
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solutions. Surface treatment is done several times with inter- 
mediate drying at 200? C. In some applications, the surface 
treatment is done one time. 

Stainless steels designed for high temperature applications 
are tested in the same manner as treated specimens. 


Example 2 
Properties of Treated Samples 


This Example describes the evaluation of treated stainless 
steel samples. 

A. Austenitic Stainless Steels 

The optimum method of specimen preparation for best 
resistance to damaging oxidation was determined to be to 
degrease and descale the samples, e.g., through rough grind- 
ing. 

316 stainless steel was dip coated with nanoceria and 
heated to 1000? C. for 34 hours. Test conditions: 316 (16-18 
Cr, 10-14 Ni, 2-3 Mo)-1000? C. The surfaces are illustrated in 
FIG. 1. FIG. 1A shows 316 stainless steel; heated in air to 
1000? C. for 34 hours. Oxide scale is thick and has spalled. 
FIG. 1B shows 316 stainless steel coated with nanoceria; 
heated in air to 1000? C. for 34 hours. A self-protective oxide 
film has formed that is thin, intact and adherent. Nanopar- 
ticle-treated 304 and 316 heated to 800? C. for over 400 hours 
showed no oxide spalling. 

B. Ferritic Stainless Steels 

One preferred method of specimen preparation for best 
resistance to damaging oxidation was determined to be to 
degrease and descale the samples, e.g., through rough grind- 
ing. Test conditions were 430 stainless (16-18 Cr)-800? C. 
Samples of 430 stainless steel were coated with nanoceria and 
heated to 800? C. for 400 hours. Although this is a higher 
temperature than 430 stainless typically sees in service, the 
purpose ofthe experiment was to compare oxidation rate of a 
ferritic stainless to that of 321, an expensive steel with tita- 
nium additions often selected for its resistance to damaging 
oxidation, and to AL453, a specialty Allegheny-Ludlum steel 
with Ce and La additions specifically added for improved 
resistance to damaging oxidation due to the reactive element 
effect (REE). 

FIG. 2 compares mass gains of nanoceria-coated 430 to 
uncoated 321 and to AL453. The mass gain of coated 430 
stainless steel is less than that of 321 and AL453. FIG. 2A 
shows a comparison of low mass gain of nanoceria-coated 
430 stainless compared to 321 and AL453 stainless steels, 
manufactured specifically for oxidation resistance. FIG. 2B 
shows intact, self-protective oxide coating on 430 stainless 
after heating to 800? C. in air for 216 hours. 

C. Martensitic Stainless Steel 

The optimum method of specimen preparation for best 
oxidation resistance was determined to be to degrease and 
descale the samples, e.g., through rough grinding. 

Test conditions were 410 Stainless (11.5-13.5 Cr)-800? C. 
410 stainless steel turbine blades were heated to 800? C. 
under cyclic conditions even though most commonly turbine 
blades are exposed to temperatures only on the order of 500- 
625? C. in service. The results are shown in FIG. 3. The 
portion of the blade that was coated with nanocrystalline 
material did not form a spalling oxide. The uncoated portion 
ofthe blade exhibited extreme oxide flaking. 

D. Corrosion Test Results 

Short-term elevated humidity/temperature tests were con- 
ducted on a variety ofthe alloys. Samples of nanocrystalline- 
coated and uncoated 304, 321 and 430 stainless steels were 
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exposed to 350° C. with 95% humidity for 45 hours. The mass 
gain data are summarized in Table 1 below. 


TABLE 1 


Mass gain, kg/m? Mass gain, kg/m? 


Alloy Nanocrystalline coated Uncoated alloys 
304 0.00000 0.00034 
321 0.00000 0.00046 
430 0.00000 0.00072 


For the six samples tested, there was no mass gain on any 
of the nanocrystalline-coated alloys. All of the uncoated 
alloys gained mass, with the 430 stainless gaining the most. 
E. Lifetime Prediction and Diffusion Studies 

Pint, et al (Pint, DOE publication entitled “Defining Fail- 
ure criteria for extended lifetime metallic coatings, available 
from the Internet site of DOE, 2002) discusses the use of 
diffusion studies in defining failure criteria for relatively thick 
metallic coatings, chiefly aluminide coatings. In that work, 
the coatings were described as “relatively thin (50-60 um)” 
Those CVD coatings were substantially thicker than the 
nanoparticle surface treatments used in preferred embodi- 
ments of the present invention. 

On the bases of qualitative consideration, rate laws 
observed in the oxidation of metals and alloys may take 
various forms. It was determined quantitatively which steps 
are rate-determining for the oxidation process and relate and 
explain the experimental results by a generally valid predic- 
tive model. In such a situation, one can make assumptions for 
oxidation processes, where additional phenomena—as for 
example, nucleus formation, crystal growth, microscopic 
crystal disturbances, and phase-boundary reactions—can for 
the most part be neglected. From the data in FIG. 4 for 430 
stainless exposed to dry air at 800? C., a parabolic rate law 
was observed. The parabolic law can be taken to be of the 
form listed below, which indicates that a diffusion process is 
rate-determining. 


d£ K 


d ë 


where Ë is the thickness of the scale, k' the parabolic scaling 
constant, and t the oxidation time. This model is nonlinear in 
the unknown parameters. Response Surface Methodology 
(RSM) is a good option (Draper & Box, Empirical Model 
Building and Response Surfaces, John Wiley & Sons Inc, 
[1987]) to fit nonlinear model of the form 


Ут в)+е 


where: у is ап nx1 vector of observations, f is any function of 
X and В, X is an nxp matrix of input variables, В is a рх] 
vector of unknown parameters to be estimated, and eis an nx1 
vector of random disturbances. RSM is an empirical model- 
ing approach using polynomials as local approximations to 
the true input/output relationship. This empirical approach is 
often adequate for process improvement in an industrial set- 
ting. RSM requires iterative methods that start with an initial 
guess of the unknown parameters. Each iteration alters the 
current guess until the algorithm converges. FIG. 5 depicts 
comparison of predictive oxidation mass gain per area (95% 
confidential interval) of alloy 430 exposed to 800° C. with 
experimental data, both uncoated and coated with nanoceria. 
There is a good match between the experimental data and the 
predictive model, within the 95% confidence. 
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One model for describing the oxidation damage is the 
Wiener process with linear drift. Assuming the oxidation 
process is normally distributed, the damage measure Z(t) can 
therefore be captured by the following model: 


পি I> Io 


Хо, t< to 


Where t, represents the start ofthe damage process, and х the 
initial damage at time ty. W(t) is a homogeneous Wiener 
process with drift, i.e., 

W(t)=oY(t)+ut, with Y(t) denoting the high standard 
Wiener process. 
The parameters u and о? describe intensity and variance of the 
damage process. The increments W(t)- W(s) are completely 
independent and Gaussian distributed with 


E(W(t)-W(sy)-u(t-s), Маг W(t)- W(s))-o? (1-5). 


The lifetime, resulting for this damage process, is the period 
starting from t, up to the time when Z(t) exceeds a limit level 
h. If the damage reserve is y=h-x,, then the lifetime T, is 
given by T, -inf[t:W(t-t;)»y). The density function of T, is 
given by 


= = 2 
fry = — ЕНЕН ef- এ ফি | 


Слог (t — t9 20*( 71) 


Using the predictive model data summarized in the equa- 
tions above and plotted in FIG. 5 (for ferritic 430 stainless 
steel), the lifetime of nanoceria coated stainless is signifi- 
cantly greaterthan the uncoated material at high temperatures 
(800? C.) in an oxidating atmosphere. 


Example 3 
Steam Testing 


Experiments are conducted to evaluate treated samples 
exposed to steam conditions. 
A. Sulfate-Ash Testing 

Samples are tested in a sulfate-containing coal ash envi- 
ronment at 650? C. for 200 hours. Tests in molten alkali- 
containing salts are also conducted. 

B. Additional Testing 

Nanoparticle surface treatments are deposited on a variety 
stainless steel alloys. At least one of the surface treatments is 
nanoceria. Ferritic Alloys. The ferritic alloys are 430 (16-18 
Cr) and 409 (10-11 Cr). For comparison, martensitic 410 
(11.5-13.5 Cr) alloys are also included. Austentic Alloys. 304 
and 316, along with 321 alloys are utilized. Nickel Alloys. 
The nickel alloys included are Inconel 625 (58 Ni, 14-17 Cr, 
8-10 Mo, 3-4 Nb/Ta) and alloy 200/201 (99-100 Ni). Inconel 
625 1s rated as having good to excellent resistance to damag- 
ing oxidation above 1000? F. (540? C.); Alloy 201 as unac- 
ceptable resistance to damaging oxidation at the same tem- 
peratures. 

The microemulsion system consists of surfactant sodium 
bis(2-ethylhexyl)sulphosuccinate (AOT), toluene and water. 
AOT is dissolved in 50 ml of toluene and 2.5 ml of 0.1 mol/lit 
aqueous cerium nitrate solution was added. The mixture is 
stirred for 45 min. and 5 ml of 1.5 mol/lit hydrogen peroxide 
solution is then added dropwise. The reaction is carried out 
for 1 hr. and then the reaction mixture is allowed to separate 
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into two layers. The upper layer is toluene containing non- 
agglomerated ceria nanoparticles and the lower layer is aque- 
ous phase. Agglomerated ceria nanoparticles settle down due 
to gravity. The toluene sol and the agglomerated ceria par- 
ticles were extracted. All the chemicals can be purchased 
from Sigma-Aldrich. 


Steam testing is done in a laboratory oven equipped with a 
retort capable of steam experiments at high temperature. The 
effect of chromium content on scale growth is studied through 
measuring mass gain as a function of time, temperature, and 
steam exposure. Cross-sections of the samples are prepared 
and investigated. 


The resistance to damaging oxidation of the self-protective 
surfaces generated after treatment with different nanoparticle 
surface treatments is compared to the resistance observed 
with nanoceria surface treatments. Corrosion testing is con- 
ducted. 


Example 4 


Manufacture of Coated Metals 


This Example describes exemplary methods for the pro- 
duction of nanocrystalline coated (nanoparticle treated) met- 
als and their analysis. 


Nanoceria particles were produced as follows: 


a. Ina dry 250 ml beaker, 50 ml toluene and 0.5 gm Dioctyl 
sulfosuccinate sodium salt (abbreviated AOT), and a 
surfactant were combined and stirred with a magnetic 
stirrer. 


b. 2.5 ml water and 0.1085 gms cerium (III) nitrate hexahy- 
drate were combined. 


c. The water solution was added to the toluene solution and 
stirred for 1 hour. 


d. 5 ml of 30% hydrogen peroxide was added dropwise and 
the solution was stirred for 2 hours. 


e. The solution was allowed to separate overnight. The top 
layer contained nanoceria in toluene. The bottom layer, 
to be discarded, contained larger ceria in aqueous solu- 
tion. 


The ceria solution, as manufactured, is a fairly bright 
yellow color. On holding, it fades somewhat. During 
this fading period, the material converts from a 
hydrated CeO,.xH,O to an anhydrous CeO, and the 
particle size continues to decrease as the larger 
hydrated complexes continue to break down in size. 
Nanoparticles in suspension are too small to see. The 
particle size of the faded yellow solution was mea- 
sured via a light scattering technique using a Malvern 
Instruments Zetasizer Nano ZS. This type of system 
measures “effective particle size” —.e. the size of the 
agglomeration. The system cannot detect if the 
agglomeration is really smaller fine particles. 


CeO, was purchased from Sigma-Aldrich Chemical. The 
nominal particle size according to the catalog was 10-20 nm. 
High resolution TEM was conducted on the particles; the 
particle size was generally less than 10 nm, but there was 
considerable agglomeration. Measurements with the Malv- 
ern Instruments optical system yielded effective average par- 
ticle size of 14.6 nm, with additional agglomerated sizes of 
several hundred nanometers. 
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Several types of stainless steel alloys were included in this 
study (Table 2). 


TABLE 2 


Alloys included in this study 


Composition Applications 


304L Austenitic 18-20 Cr, 8-12 


Ni, 2 Mn, 1 Si 


General purpose corrosion 
resistance; used where 
field welding is employed 


316 Austenitic 16-18 Cr, 10-14 Improved corrosion and heat 
Ni, 2 Mn, 1 Si, 2-3 Mo resistance; may be susceptible 
to stress-corrosion cracking. 
321 Austenitic 17-19 Cr, 9-12 Titanium stabilized; excellent for 
Ni, 2 Mn, 1 Si, 0.5 Ti high temperature service in carbide 
precipitation range. Used in exhaust 
manifolds, heat exchanger tubes. 
Good to excellent resistance to 
damaging oxidation. 
410 Martensitic 11.5-13.5 Cr,1 Good strength, hardness & wear 
Mn, 1 Si resistance. Often used in cutlery 
applications. 
430  Ferritic 16-18 Cr, 1 Mn, 1 Corrosion resistant/heat 
Si resistant/chloride SCC resistant. 
Heat exchanger applications in 
petroleum & chemical 
processing applications. 
453 Ferritic 22 Cr, 0.3 Si, 0.02 Designed for use in high temperature, 


Ti, 0.6 Al, 0.10 (Ce + La) oxidative environments. 


Several types of nanoparticles were purchased for a com- 
parison to laboratory manufactured nanoceria. These are 
summarized in Table 3. 


TABLE 3 


Nanoparticles 


Measured Size (a 


Nominal measurement of 

Particle Delivered Size, effective size due 
Composition particle form Nm to agglomeration) 
СеО, Manufactured at 3-5 nm 3.45 nm 

Material Interface, Inc. 
СеО, Aqueous solution <20 nm 97% = 14.6 nm 
3% = 329 nm 
АО; 5% Aqueous solution <20 nm 20.8 nm 
SiO» doped Aqueous solution <20 nm Bimodal 

With АБО, distribution with 

maxima at 12 nm 
and 2000 nm 

2102 Aqueous solution <20 nm 2.7 nm 
SiO; Dry powder 10 nm 524 nm 
SiO; Dry powder 15 nm 866 nm 
TiO; Dry powder 5-10 nm 2198 nm 
Au Solution 3.5-6.5 nm Assumed 3-7 nm 


The particles that were received as dry powder were ultra- 
sonically mixed with water in dilute solutions before size 
measurements, but significant reduction in effective particle 
sizes were not noted. The particles with the smallest mea- 
sured size were those delivered as aqueous dispersions. 

Experiments were conducted comparing the level of self- 
protection for laboratory-manufactured nanoceria surface 
treatments to other purchased nanoparticles. For the follow- 
ing sets of data, the substrates were mill finished, and des- 
caled and pickled with commercially available citric acid 
solution. 

Results for 304L stainless steel are shown in FIG. 7. FIG. 7 
shows that for 304L, all of the nanomaterial surface treat- 
ments eliminated the spalling failure noted at 168 hours in dry 
air at 800? C. The most improvement was noted for the 
laboratory-manufactured nanoceria. At 168 hours, Material 


US 8,568,538 B2 


19 


Interface-manufactured nanoceria reduced the damaging 
oxide scale mass growth by 80%. 

Results for 316 stainless steel are shown in FIG. 8. FIG. 8 
shows that all of the nanomaterial surface treatments 
improved the resistance to damaging oxidation in dry air at 
800° C. The most improvement was noted for the laboratory- 
manufactured nanoceria. At 442 hours, Material Interface- 
manufactured nanoceria reduced the oxidation scale mass 
growth by 68%. 

Results for 321 stainless steel are shown in FIG. 9. FIG. 9 
shows that all of the nanomaterial surface treatments 
improved the resistance to damaging oxidation in dry air at 
800° C. at short times. The untreated sample was showing 
signs of leveling, however, while the nanocrystalline treated 
samples were still increasing in mass. The highest performing 
nanoparticle for surface treatment was purchased nanozirco- 
nia. 

FIG. 10 plots mass gain as a function of area for the 410 
stainless steel samples at 800° C. for 312 Hours. Purchased 
zirconia had the lowest initiation rate at low times. Material 
Interface manufactured nanoceria showed signs of a leveling 
off with a decreased oxidation rate and a protective oxide 
formation. This alloy has the lowest level of chromium of all 
of the alloys in this study. 

Results for 430 stainless steel are shown in FIG. 11. All of 
the nanomaterials improved the oxidation mass gain of 430 
stainless. Material Interface nanoceria had the greatest reduc- 
tion of the overall oxidation rate. 

In the previous data, purchased ZrO, performed well as a 
damaging oxidation-resistant nanoparticle surface treatment. 
The particles were purchased as a 10% solution from Sigma- 
Aldrich. Variable concentration solutions were manufactured 
and the effect of concentration on protection was determined. 
For both 321 and 410 stainless steels, the lowest concentra- 
tion of ZrO», 0.05% afforded the most protection. For all of 
the concentrations, the steel substrates were mill finished, 
citric acid descaled, and coated with ZrO, solutions via hand 
dipping for 10 dips, with air drying between dipping. 

FIG. 12 shows the effect of nano zirconia concentration on 
protection from damaging oxidation of 321. The lowest con- 
centration of zirconia (0.0596) afforded the best protection. 
FIG. 13 shows the effect of nano zirconia concentration on 
protection from damaging oxidation of 410. The lowest con- 
centration of zirconia (0.0596) afforded the best protection. 

The concentration of nanoceria in toluene is low—on the 
order of millimolar. Drops of dried nanoceria-bearing toluene 
solution onto solid substrates, analyzed with SEM/EDS, do 
not detect any ceria. An AFM image of nanoceria on a pol- 
ished 316 stainless substrate showed a low concentration of 
particles on the surface (FIG. 14). 

Inbulk 316L stainless steel used for stainless steel tubing in 
the pharmaceutical industry, the Cr/Fe ratio is approximately 
0.23-0.25. With proper passivation treatments, the Cr/Fe ratio 
atthe surface can routinely reach the values 1.5-2.0 suggested 
by the semiconductor industry. There are several ways to 
attain this ratio—either through chemical or electrolytic 
methods. The most widespread method uses chemical passi- 
vation with either nitric acid or citric acid baths. The nitric 
acid method had been prevalent until recently; it is being 
phased out and replaced with citric acid passivation due to 
environmental and handling concerns. 

A surface that is more Cr-rich, and has less iron at the 
surface is generally thought to be more resistant to damaging 
oxidation as well as more resistant to corrosion. Early testing 
indicated, overall, polished samples had higher mass gains 
(after REE nanoparticle surface treatment & heating) than did 
unpolished samples that were passivated according to stan- 
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dard procedures with either nitric acid or citric acid, followed 
by REE particle surface treatment. This is a desirable result, 
given the fact most industrial samples are not polished, but 
rather have a machined finish with some inherent roughness. 
The roughness likely increases the adhesion of the solution. 

Most of the data presented in the previous sections above 
were obtained from stainless coupons that contained a mill 
finish and a citric acid descaling, which also passivates the 
sample. The citric acid solution used was a commercially 
available mixture called Citrisurf 2250 available from Stellar 
Solutions in Algonquin, Ill. In some embodiments, passiva- 
tion is not used. In some embodiments, the passivation pro- 
cess hinders the desirable surface reactions between the reac- 
tive elements and the base material from occurring. Using 
SEM/EDS analysis, the Cr/Fe ratio was higher on coated and 
passivated samples after being exposed to oxidizing condi- 
tions, but the mass gain was also higher. When the samples 
were not passivated, but merely coarsely polished (400 grit), 
the Cr/Fe ratio was slightly lower, but the mass gain was also 
lower and the growing self protective oxide film more intact, 
and the resistance to damaging oxidation was better. Results 
are shown in FIG. 15, which shows resistance to damaging 
oxidation as a function of passivation and surface treatments 
at 800? C. Not passivated plus CeO2 had the lowest slope. 

The substrate was analyzed by comparing the same surface 
treatment on austenitic, martensitic, and ferritic stainless 
steels. The oxidation resistance of coated stainless steels to 
stainless steels designed for high temperature applications, 
such as Allegheny 453 was compared. Results are shown in 
FIG. 16. 

Extensive scanning electron microscopy and energy dis- 
persive spectroscopy (SEM/EDS) was conducted on nanoc- 
eria coated and uncoated specimens (FIGS. 17-21). The 
specimens were rough polished (through 400 grit silicon car- 
bide). Those that were treated were treated with Material 
Interface manufactured nanoceria, particle size 3.5 nm. 

All of the nanoceria coated samples outperformed the 
uncoated samples. Results are shown in Table 4. 


TABLE 4 
EDS, Weight % 
410 410 
410 Uncoated Coated 
Bulk General Crystal 
O — 14.4 17.7 
Al — 0.1 0.1 
Si 0.3 0.3 11 
Cr 12.3 49.0 38.9 
Mn 0.5 10.3 19.1 
Fe 86.3 25.0 19.1 
Ni 0.4 0.5 — 
Cu 0.2 0.4 4.1 
ТАВГЕ 5 


EDS analysis of surfaces illustrated above, after heating 
to 800° C. for 100 hours. 


3041, 430 
Uncoated 304L Uncoated 430 
304L General Ceria Coated 430 General Ceria Coated 
Bulk oxide Crystal Bulk oxide Crystal 
O — 13.6 22.0 — 14.6 16.0 
AI — 0.1 0.6 — 0.2 0.4 
Si 0.3 0.8 0.4 0.3 0.2 0.8 
Cr 18.4 36.2 42.2 16.2 48.7 35.4 
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TABLE 5-continued 


EDS analysis of surfaces illustrated above, after heating 
to 800° C. for 100 hours. 


22 
TABLE 6 


Results of initial humdity testing. Samples were exposed 


to 95% humdity for 45 hours at 350° C. 


304L 430 5 Mass gain, kg/m? Mass gain, kg/m? 
Uncoated 304L Uncoated 430 Alloy Nanocrystalline coated Uncoated alloys 
304L General Ceria Coated 430 General Ceria Coated 
Bulk oxide Crystal Bulk oxide Crystal 304 0.00000 0.00034 
321 0.00000 0.00046 
Mn 19 71 20.5 0.3 9.8 12.5 430 0.00000 0.00072 
Ее 70.6 380 11.2 829 25.9 34.1 10 
Ni 8.3 3.9 1.2 0.2 — 0.2 
Cu 0.5 0.4 1.8 0.1 0.7 0.8 For the six samples tested, there was no mass gain on any 
of the nanocrystalline-coated alloys. All of the uncoated 
Data are in weight percent of elements above atomic number 7 within 2 um of the surface. alloys gained mass, with the 430 stainless gaining the most. 
Nickel Alloys 
The data in Table 5 show that the nanoceria-coated stain- !? ^ Initial testing was conducted on Nickel 600 alloy, a high 
less surfaces have chromium-rich crystals on their surfaces. temperature super alloy. Tests were performed on treated and 
The uncoated samples also have chromium-rich oxides, but untreated Nickel 600. The nominal composition of Nickel 
those oxides are thicker and less adherent. The crystals on the 600 is Ni—72.0, Cr—14-17, Fe—6-10, Al—0.35max, 
surface of the ceria-coated samples are also Mn-rich. The Т11—0.50тах, Mn—1.00max, S—0.015max, Si—0.50max, 
presence of even the small concentration of nanoceria on ће 2° Nb+Ta—1.0max, Co—1.0max, Cu—0.50max, 
surface of the alloys has a large effect on the growing surface C—0.15max. Uses of the material include furnace muflles, 
oxide chemistry, topography, and adhesion. electronic and electrical components, jet engine parts, 
Polished 316 stainless was heated to 10009 С. and analyzed springs, chemical and food processing equipment, and bel- 
with SEM. The results are shown in FIG. 26. The nanoceria- 25 lows. The results ofthe сыз are shown in PN | 
coated 316 has substantially better integrity than the uncoated The samples were polished through 400 grit silicon carbide 
sample for the length of the 34-hour test. There is some before exposure. Nanoceria has the lowest initiation rate, but 
sub-surface oxidation on the nanocoated sample. The রর রি shows fe ofa a а 
; ; graphs show different topography is present between the sur- 
Reged sample Bas Severe spalling and flaking. face treatments (FIGS. 23А and 23B) because of the forma- 
Humidity Testing 3° tion of the self-protective layer on the nanoparticle-treated 
Samples of nanoparticle-coated and uncoated 304, 321 and surfaces. 
430 stainless steels were exposed to 350° C. with 95% humid- An additional 527 samples were coated and tested in over 
ity for 45 hours. The mass gain data are summarized in Table 1358 experimental measurements. A full set of data from 410 
6 below. stainless heated to 800° C. for 100 hours is shown in Table 7. 
TABLE 7 


Unprocessed data from 410 stainless heated to 800° C. for 100 hours. 


Average Average 
Mass Mass Mass 
Gain per Gain per Mass баш Gain per 
Post- Post- Area Area Std. dev. х рег Area Area Std. dev. x 
Pre- Heat Heat (g), (kg/m2), (kg/m2), Std. 100/ (kg/m2), (kg/m2), Std. 100/ 
Coated Heat (g) 48hrs (৪), 100 hrs 48 hrs 48 hrs deviation Avg 100 hrs 100 hrs deviation Avg 
Uncoated 6.3177 6.3185 6.319 0.001011 0.001054 0.00019311 18.3% 0.001643 0.001559 0.00014598 9.4% 
6.6993 6.7003 6.7006 0.001264 0.001643 
6.395 6.3957 6.3961 0.000885 0.001391 
Ceria 6.4317 6.4322 6.4325 0.000632 0.000590 7.299E-05 12.4% 0.001011 0.000843 0.00014598 17.3% 
6.3735 6.374 6.3741 0.000632 0.000759 
6.4642 6.4646 6.4648 0.000506 0.000759 
7102 6.2629 6.2637 6.264 0.001011 0.001011 0.00000 0.0% 0.001391 0.001580 0.00027 17.0% 
6.3239 6.3247 6.3253 0.001011 0.001770 
SiO2/ 6.319 6.3201 6.3203 0.001391 0.001264 0.00018 14.196 0.001643 0.001643 0.00000 0.0% 
А1203 
6.6101 6.611 6.6114 0.001138 0.001643 
Uncoated 6.2623 6.2631 6.2634 0.001011 0.001075 0.00009 8.3% 0.001391 0.001580 0.00027 17.0% 
6.3111 6.312 6.3125 0.001138 0.001770 
Сегіа 6.3141 6.3144 6.3146 0.000379 0.000632 0.00036 56.6% 0.000632 0.000885 0.00036 40.4% 
6.2705 6.2712 6.2714 0.000885 0.001138 
7102 6.3687 6.3695 6.3698 0.001011 0.001201 0.00027 22.3% 0.001391 0.001643 0.00036 21.8% 
6.3777 6.3788 6.3792 0.001391 0.001896 
SiO2/ 6.4516 6.4524 6.4531 0.001011 0.001075 0.00009 8.3% 0.001896 0.001833 0.00009 4.9% 
А1203 
6.277 6.2779 6.2784 0.001138 0.001770 


Data are presented to show relatively low standard deviation of the data (columns 8 & 


12). 
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The presence of nanoceria surface treatment had a large 
effect on the nucleation rate of oxidation. 

Similar results are seen in treatment of aluminum samples. 
FIG. 25 shows a comparison of untreated (panel A) and 
treated (panel B) aluminum exposed to hot, acidic conditions. 
The untreated sample lost up to 33% of its thickness due to 
corrosion, while the treated sample shows minimal corrosion 
and loss. 


Example 5 
Process Improvements 


This example describes process improvements for the sur- 
face treatment of samples. 

A. Removal of Toluene from the Process by Using Water- 
Based Manufacturing Process or by Using Pre-Manufactured 
Nanoparticles. 

Toluene is both environmentally hazardous and expensive. 
The current method for manufacturing nanoparticles utilizes 
toluene; the particles are ultimately in a toluene suspension. 
Toluene is highly flammable and can cause damage to health 
by long term inhalation. Water-based methods to manufacture 
particles is the preferable method for environmental and 
safety reasons. In some embodiments of the present inven- 
tion, alternative dispersion methods for aqueous solutions are 
used. 

Known methods of manufacturing of nanoceria (and other 
nanoparticles) with water-based formulations are utilized 
(Ahniyaz et al J. of Nanoscience and Nanotechnology, 4 
233-238 (2004) for a CeO,/ZrO, solid solution and Chen et al 
Colloids and Surfaces A; 242 (2004) 61-69 (2004) for pure 
CeO,). These procedures are duplicated to determine the 
quality of the nanoceria produced. 

B. Making the Application Method Operator-Independent 

Methods are refined to make the application method 
increasingly operator-independent. These different methods 
include aspiration (particularly for water based methods), 
brushing methods, sponging, dipping, rolling, and the use of 
aerosol methods such as air guns and paint sprayers, mist 
sprayers and nebulizers. Development work is done as to how 
to coat unusually shaped components, like tubing and duct- 
work. 

In some embodiments, surfactants are used to increase 
surface treatment adhesion and improve coverage. The 
requirement for post-surface treatment cure or baking are also 
investigated. 

C. Different Alloy Types 

Additional alloys including nickel alloys, superalloys, and 
Haynes 214 (with rare earth additions), aluminum alloys, and 
low carbon steel are investigated using the methods described 
in Examples 1-4. 

D. Plasma Spray Techniques 

In some embodiments, Plasma Spray and Solution Plasma 
Spray are used to apply the surface treatment, the substrate 
metal, e.g., with nano-powders of ceria and ceria-zirconia. In 
the Air Plasma Spray (APS), the nanopowders are agglomer- 
ated using a Spray Drier to a particular size before spraying. 
The agglomerated powders are sprayed using a APS gun to 
coat the steel substrate. 

A SPSS (solution plasma spray) system, which utilizes the 
flow of precursor solution through a plasma flame, is also 
evaluated. The surface treatments are analyzed for porosity 
and hardness. Scratch test and SEM are used to evaluate the 
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erosion resistance. The surface treatments are further exposed 
to in-situ oxidation kinetics and the results are compared to 
dip dry surface treatments 


Example 6 
Heat Treatment 


A. Stainless Steel Pre- Treatment Solution 

Stainless steels that are solution-annealed in air generally 
have significant oxide scaling problems (in contrast to mate- 
rials heated in a vacuum environment). Experiments are con- 
ducted to determine the effect of a self-protective oxide film 
obtained as a result of nanoparticle surface treatment, on the 
reduction of scale formation during atmospheric (i.e., non- 
inert, non-vacuum) heat treating of stainless steel. Various 
grades of stainless steel are heat treated for typical durations. 
Examples include impellers made from 410 stainless that 
have been solution annealed. This type of structure is heat 
treated to 1850? F. (1000? C.) for 1 hour/inch of material. 
Comparisons are made between coated and uncoated surfaces 
and the efficiency of the processes are compared. 

A 410 stainless turbine blade was heat treated to determine 
if the coated blade could withstand 1000? C. temperatures for 
1 hour. Thin oxide formed in coated zone; spalling oxide 
formed in uncoated zone. See FIG. 3. The sample did oxidize, 
but itis a thin self-protective oxide coating rather than a thick 
and scaling oxide such as can be damaging. 

B. Stainless Steel Continuous Furnace Belts 

Some continuous belt furnaces have stainless steel belts 
that are used to transport samples for heat treating. FIGS. 27A 
and 27B show two examples such furnaces, although the 
applications of the present invention are not limited to any 
particular configuration. These belts need periodic replace- 
ment. Failure can be due to stretching, fatigue, embrittlement, 
or damaging oxidation. When the samples are heat treated in 
aninert atmosphere and are able to be cooled before exposure 
to the atmosphere, damage from oxidation is less of an issue. 
However, if the belts are still hot when exposed to the air, 
replacement of the belts due to oxidative material loss is 
required. Belt replacement due to damaging oxidation is esti- 
mated to occur 10-25% of the time. Large belts, like the one 
on the right, can range from $10-20,000 in price and require 
replacement on an annual basis. 

As indicated in Example 6, the methods and compositions 
of the present invention provide ways of treating steel and 
other alloys at atmospheric conditions with ultimate success- 
ful reduction in damaging oxide formation and spalling. 
Experiments are conducted to determine if the nanoparticle 
surface treatments increase belt lifetime. Because of belt 
stretching and flexing, there will be constant exposure of 
fresh steel surface. The ability to treat materials at atmo- 
spheric conditions provides a way to treat belts continuously 
with nanocrystalline material. In preferred embodiments, an 
applicator to provide a mist/spray/or solution of nanocrystal- 
line solution (water-based) is kept near (e.g., under) the fur- 
nace table such that the belt continuously passes through the 
solution/mist/spray, such that nanocrystalline materials is 
applied on a continual basis. 

Variable designs for this *under table" method are built, 
comparing spray, mist and solution delivery systems. 


Example 7 


Use of Nanoparticle Surface Treatments in Humid 
Environments 


This example describes the evaluation of nanocrystalline 
materials in humid environments. Corrosion tests are per- 


US 8,568,538 B2 


25 


formed in laboratory autoclaves to investigate the corrosion 
resistance of the self-protective surfaces towards humid air 
and towards direct contact with liquid in the temperature 
range of 150° C. to 350° C. Multiple test conditions are 
performed. Each test is generally performed for a minimum 
of 100 hours. The samples are evaluated using scanning elec- 
tron microscopy and optical microscopy. 

Corrosion tests are also performed to investigate the cor- 
rosion resistance of the self-protective surface towards sub- 
merged service in high salinity solutions and towards the 
vapor phase above these solutions. Multiple test conditions 
are performed. Each test is generally performed for a mini- 
mum of 100 hours. The samples are evaluated using scanning 
electron microscopy and optical microscopy. 


Example 8 


Catalytic Activity of Nanoparticle Surface 
Treatments 


The potential catalytic effect of reactive metals on oxida- 
tion reactions has been well documented. A series of oxida- 
tion tests is performed in laboratory autoclaves to investigate 
the potential catalytic effect of several nanoparticle surface 
treatments. Multiple test conditions are utilized. 

The following reference are incorporated herein by reference 
in their entirety: 

Ahniyaz, A, and T. Fujiwara, T. Fujino, and M. Yoshimura, 
J. of Nanoscience and Nanotechnology, 4 233-238 (2004). 

Аш, J. & Peakhall, K. 1967 Influence ofan alloy addition 
of yttrium on the oxidation behavior of an austenitic and a 
ferritic stainless steel in carbon dioxide. J. Iron Steel Inst. 205, 
1136-1142. 

Balducci, G., Catalysis Lett, 33,193 (1995). 

Cabanas A., Darr, J. W., Lester, E., and Martyn, M, J. 
Mater. Chem. 11, 561 (2001). 

Chen, H.-I. and H.-Y. Chang, Colloids and Surfaces A; 242 
(2004) 61-69. 

Colon, G., and Pijolat, M., Valdivieso, F., Kaspar, E., 
Finoccoio, E., Daturi, M., Binet, C., Lavalley, J. C., Baker, В. 
T., Bernaly, J. Chem. Soc, Faraday Trans., 94, 3717 (1998). 

Duffy, D. M. & Tasker, P. W. 1986 Theoretical studies of 
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Phil. Mag. A 54, 759-771. 

Giggins, С. S., Kear, В. H., Pettit, F. S. & Tien, J. К. 1974 
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Trans. 5, 1685-1688. 

Hu, Michael Z-C, Payzant, E. А., Byers, С. Н., J. of Colloid 
and Interface Science., 222, 20-36 (2000). 

Kuznetsova, T. G., Sadykov, V. A., Veniaminov, S. A., 
Alikina, С. M., Moroz, Е. M., Rogov, V.A., Martyanov, О. М, 
Yudanov, У. F., Abornev, I. $., Neophytides., S., Catalysis 
Today, 91-92 (2004) 161-164. 

Li, У. H., Chen W. F., Zhou, X. Z., Gu., Z. Y., Chang M. C., 
Materials Letters 59 (2005) 48-52. 

Patil, S., Kuiry, S. C., Seal, S. & Vanfleet, R. 2002 Synthe- 
sis of nanocrystalline ceria particles for high temperature 
oxidation resistant coating. J. Nanoparticles Research 4, 433- 
438. 

S. Patil, S. C. Kuiry & Seal, S. 2003 Nanocrystalline Ceria 
Imparts Better High Temperature Protection, Proceedings of 
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Pint, B. A., 2001 High temperature corrosion behavior of 
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Pint, B. 2003 Optimization of reactive-element additions 
to improve oxidation performance of alumina-forming 
alloys. J. American Ceramic Society, 86, 686-695. 

Ravi, М, Pillai, U. T. $., Pai, В. C., Damodaran, A. D., 
Dwarakadasa E. S., Metallurgical and Materials Transactions 
А., 33 391-400 (2002). 

Riffard, Е. Buscail H, Caudron, E., Cueff R., Issartel, C., & 
Perrier, S., Effect of yttrium addition by sol-gel coating and 
ion implantation on the high temperature oxidation behavior 
of the 304 steel. Applied Surface Science, 199, 107-122 
(2002). 

Riffard, Е. Buscail H, Caudron, E., Cueff R., Issartel, C., & 
Perrier, S., Surface Engineering, 20, 440-446 (2004). 
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Seal, S., Roy, S. K., Bose, S. K. & Kuiry, S. C. 2000 Ceria 
based high temperature coatings for oxidation prevention. J. 
Mater. (Electronic) 52(1), 1-8. 

Seal, S. Kuiry, S. C. & Braco A. Leyda 2001 Studies on the 
surface chemistry of oxide films formed on IN-738LC super 
alloy at elevated temperatures in dry air. Oxid. Met. 56, 583- 
603. 

Seal, S., Kuiry, S. C. & Braco A. Leyda 2002 Surface 
chemistry of oxide scale on IN-738LC superalloy: effect of 
long term exposure in air at 1173 К. Oxid. Met 57, 297-322. 
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The effect of thoria dispersion on the high temperature oxi- 
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1997. 
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All publications and patents mentioned in the above speci- 
fication are herein incorporated by reference. Various modi- 
fications and variations ofthe described methods and systems 
of the invention will be apparent to those skilled in the art 
without departing from the scope and spirit of the invention. 
Although the invention has been described in connection with 
specific preferred embodiments, it should be understood that 
the invention as claimed should not be unduly limited to such 
specific embodiments. Indeed, various modifications of the 
described modes for carrying out the invention that are obvi- 
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ous to those skilled in the relevant fields are intended to be 
within the scope of the following claims. 


I claim: 

1.A method of producing a self-protective oxide coating on 
the surface of an alumina- or chromia-forming metal alloy, 
comprising: 

a) treating a surface of an alumina- or chromia- forming 
base metal alloy with to a solution of nanoparticles of an 
oxide of an element that exhibits a reactive element 
effect, said solution having a concentration of nanopar- 
ticles of less than 596 by weight; 

b) drying said base metal alloy after said exposure to pro- 
duce treated metal having nanoparticles dispersed on a 
treated surface, wherein said treated surface comprises a 
portion in contact with nanoparticles and a portion not in 
contact with nanoparticles, wherein the portion of said 
treated surface not in contact with nanoparticles is 
greater than the portion of said treated surface in contact 
with nanoparticles; and 

с) exposing said treated metal having nanoparticles dis- 
persed on said treated surface to oxidizing conditions 
wherein in said oxidizing conditions, a self-protective 
oxide coating is formed on said treated surface of said 
treated metal to produce a protected metal surface, 
wherein said self-protective oxide coating is a thermal 
oxide formed by oxidation of said treated surface. 

2. The method of claim 1, wherein said element that exhib- 
its a reactive element effect is selected from the group con- 
sisting of aluminum, silicon, scandium, titanium, yttrium, 
zirconium, niobium, lanthanum, hafnium, tantalum, cerium, 
and thorium. 

3. The method of claim 1, wherein said oxidizing condi- 
tions comprise heating under atmospheric pressure. 

4. The method of claim 1, wherein said base metal alloy is 
selected from the group consisting of stainless steel, nickel 
alloy and aluminum alloy. 
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5. The method of claim 4, wherein said stainless steel is 
selected from the group consisting of austenitic, ferritic, and 
martensitic stainless steel. 

6. The method of claim 1, wherein said solution has a 
concentration of said nanoparticles of less than 1% by weight. 

7. The method of claim 1, wherein said solution has a 
concentration of said nanoparticles of less than 0.596 by 
weight. 

8. The method of claim 1, wherein said solution has a 
concentration of said nanoparticles of less than 0.296 by 
weight. 

9. The method of claim 1, wherein said solution has a 
concentration of said nanoparticles of less than 0.196 by 
weight. 

10. The method of claim 1, wherein said solution has a 
concentration of said nanoparticles of less than 0.0596 by 
weight. 

11. The method of claim 1, wherein said solution of nano- 
particles is comprises toluene. 

12. The method of claim 1, wherein said treating said base 
metal alloy with said solution comprises brushing, sponging, 
dipping, rolling, and/or spraying. 

13. The method of claim 1, wherein said surface of said 
base metal alloy is a surface of a component comprising said 
base metal alloy and selected from the group consisting of 
fossil energy system components, heat treated samples, heat 
exchangers, reheater pipes, solar collectors/panels, refrigera- 
tion and heating equipment, vacuum and gas chambers, 
hydrogen fuel cell components, heat treating furnace compo- 
nents, flame stabilizers, surgical components, fan accesso- 
ries, inlet-outlet transitions, automobile exhaust systems, air- 
craft components, tubular elements, and bearing rods and 
components that fail due to metal dusting corrosion. 

14. The method of claim 1, wherein said solution of nano- 
particles is an aqueous solution. 


* жож жож 


